1 3 6 7 a r t i c l e s Processing by ribonucleolytic enzymes is essential for the nuclear maturation of eukaryotic RNA. Moreover, RNA turnover-based quality-control systems prevent the unwanted accumulation of spurious transcripts. Central here is the 3′-5′ exo-and endonucleolytic RNA-exosome complex, conserved in all studied eukaryotes 1,2 . To exert its multitude of processing and degradation reactions, the catalytically inactive exosome core complex associates with active RNases, such as, in human nuclei, hRRP6 and hDIS3 (refs. 3,4). In addition, the exosome uses cofactors that directly stimulate its enzymatic activity and serve as adapters to its many substrates 5 . Several of these cofactors are not well conserved between yeast and humans, thus indicating key differences in RNA metabolism 6 . Specifically, although the function of the yeast nuclear exosome depends largely on the activities of the trimeric Trf4p-Air1p-Mtr4p polyadenylation (TRAMP) complex 7-9 , such dependence is seen only in the nucleoli of human cells 6 . Instead, the non-nucleolar pool of the human homolog of yeast Mtr4p, hMTR4 (also known as SKIV2L2), associates with the metazoan-specific RBM7 and ZCCHC8 proteins to form the trimeric NEXT complex, which was recently shown to aid in the exosomal degradation of socalled promoter-upstream transcripts (PROMPTs) 6,10 .
(NNS) complex. Although NNS mechanisms have not been fully characterized, NNS is believed to terminate RNAPII transcription and mediate a 'handover' of RNA to the TRAMP-exosome complex for subsequent trimming and degradation [11] [12] [13] [14] . Human cells contain a homolog of Sen1p, Senataxin (also known as SETX) but no obvious homologs of Nrd1p and Nab3p. Interestingly, the coimmunoprecipitation experiments that identified the NEXT complex 6 also yielded detectable amounts of all three components of what we call the CBCA complex: cap-binding proteins 20 (CBP20) and 80 (CBP80) as well as arsenic-resistance protein 2 (ARS2). These factors have previously been shown to associate with the 5′-methylguanosine cap of RNAPIIderived RNA 15, 16 . Although this suggests that the ubiquitously present RNA 5′ cap may be a means to recruit the exosome, any physical links involved in such potential bridging and their functional consequences remain unexplored.
The 5′ capping of the ~20-nt nascent RNA chain 17 is a hallmark of RNAPII transcription. The cap coordinates an array of regulatory events, including RNA splicing 18 , 3′-end formation 19 , turnover 20 and subcellular localization [21] [22] [23] . These functions are presumably mediated by the CBC 16, 24 . However, how a simple heterodimer is capable of controlling such a diversity of RNA metabolic events is confounding, because the impact of CBC interaction has been explained for only a few complexes or factors 15, 22, 23 . Best characterized are interactions mediating the functions of the CBC in RNA localization. Here, the 1 3 6 8 VOLUME 20 NUMBER 12 DECEMBER 2013 nature structural & molecular biology a r t i c l e s phosphorylated adaptor for RNA export (PHAX) protein has been shown to couple the CBC with the transport receptor CRM1 to mediate the nuclear export and the intranuclear transport of small nuclear RNA (snRNA) 23 and small nucleolar RNA (snoRNA) 25 , respectively. Moreover, the Aly/REF RNP factor bridges CBC to the human transcription-export (hTREX) mRNA-export complex 22 . Less characterized are the connections facilitating CBC-directed RNA stabilization 26 and its stimulation of mRNA 3′-end processing 19 .
Here we set out to characterize and quantify the composition of human NEXT and CBC subcomplexes and to elucidate their functional relevance in RNA metabolism. To this end, we applied an improved affinity capture (AC) MS (ACMS) approach 27 to demonstrate a strong physical link between the CBCA and NEXT complexes, including the associated, uncharacterized zinc-finger CCCH domaincontaining protein 18 (ZC3H18, also known as NHN1). We name this protein complex CBCN and show, by combinatorial depletion of CBCN and RNA-exosome components, that CBCN forms a functionally relevant connection from the RNA 5′ cap to the ribonucleolytic activity of the exosome. Furthermore, we show that CBCA promotes transcription termination at U snRNA loci and in promoter-upstream regions expressing PROMPTs. This rationalizes the involvement of CBCA in exosome-targeted RNA metabolism and, despite the lack of any sequence homology, suggests a functional resemblance to the yeast NNS complex.
RESULTS

A strong physical link between the NEXT and CBCA complexes
Our previous ACMS characterization of NEXT-complex components hMTR4 and ZCCHC8 revealed, in addition to their RNA-exosome association, their binding to CBCA components 6 . To gain a comprehensive understanding of such a possible connection between protein complexes engaged at RNA 5′ and 3′ ends, we used an optimized procedure for protein AC and identification 27 . This practice allows for the division of interacting proteins into subcomplexes on the basis of their abundance in the AC eluate (described below). We performed ACMS of affinity-tagged proteins, using localization and affinity purification (LAP) or triple Flag tags attached to components of the CBCA (CBP20-3× Flag, CBP80-3× Flag, LAP-ARS2) and NEXT (hMTR4-LAP, RBM7-LAP) complexes. We expressed LAP-tagged proteins as C-or N-terminal fusions from stably integrated genes containing their naturally occurring promoter and terminator sequences 28 and expressed C-terminally 3× Flag-tagged proteins from single-copy genes driven by a tetracycline-inducible promoter. All tagged proteins were expressed at near-endogenous levels (Supplementary Fig. 1 ). Moreover, we performed each ACMS experiment in triplicate, thus enabling an assessment of the statistical significance of the individual protein interaction data 29 . To focus on the link between the CBCA and NEXT complexes, we determined the statistically significant interaction partners of all three CBCA components. This resulted in a list of 14 proteins, containing CBCA, the entire NEXT complex, the previously identified NEXT complex-associated protein ZC3H18 (ref. 6 ), four RNA-or protein-transport factors and three proteins unrelated to RNA metabolism ( Supplementary Table 1 ). Of these, we could identify only CBCA and NEXT components, together with ZC3H18, in both hMTR4-LAP and RBM7-LAP ACMS experiments ( Fig. 1 and Supplementary Table 1 ). This confirms the specific association between the NEXT complex and ZC3H18 and indicates that the link between the NEXT and CBCA complexes does not involve npg a r t i c l e s nucleocytoplasmic transport factors. Hence, to fully complement our interaction studies, we also performed ACMS analyses, using a cell line expressing ZC3H18-3× Flag. In the following, each set of the conducted ACMS experiments is presented with special emphasis on subcomplex composition and relative abundance relating to the RNA exosome, NEXT, ZC3H18 and CBCA. Among the highly specific and abundant interaction partners, the hMTR4-LAP ACMS experiments identified the entire RNAexosome core complex, including the RNase hRRP6 (also known as EXOSC10) and excluding the more loosely attached hDIS3 (also known as EXOSC11) enzyme 4, 6 . Moreover, the CBCA complex and the two other NEXT components (ZCCHC8 and RBM7) as well as the ZC3H18 protein were present in notable yields ( Fig. 1a and Supplementary Table 2 ). Other proteins present in this purification were factors engaged in RNP transport, formation of small nucleolar RNPs and pre-mRNA splicing, in addition to other RNA-binding proteins (RBPs) such as RNA helicases (Supplementary Table 2 ). The identified proteins are very similar to those obtained by an alternative AC approach 6 . To estimate the relative abundance of sample constituents, we calculated averaged peptide intensities normalized to the molecular weight of the relevant protein 6 (Fig. 1b) . hMTR4 coprecipitated the exosome complex most abundantly, then the two other NEXT components, CBCA and ZC3H18, which were all present substoichiometrically with respect to the exosome (Fig. 1b) . This result is consistent with previous evidence that nucleolar hMTR4 interacts directly with the RNA exosome in the absence of other NEXT components 6 . Instead, non-nucleolar hMTR4 can exist in the nucleoplasmic NEXT complex, as became apparent when we conducted the ACMS of non-nucleolar RBM7-LAP. The abundance of purified RNA-exosome and NEXT complexes changed to higher relative yields of the NEXT complex ( Fig. 1c,d) . In addition, the RBM7-LAP AC experiments also revealed apparently similar abundance of CBCA and ZC3H18 ( Fig. 1d) . Other protein groups present in this purification were mostly splicing factors and RBPs or helicases (Supplementary Table 3 ).
The high yields of ZCCHC8 and hMTR4 in the RBM7-LAP immunoprecipitation (IP) confirmed our earlier notion that cellular RBM7 is primarily engaged within NEXT 6 . However, more surprisingly, we detected CBCA and ZC3H18 factors in higher amounts than those of RNA-exosome components ( Fig. 1d) . Thus, despite its first identification as an RNA-exosome-cofactor complex, these data indicate that a major part of the purified NEXT is associated with CBCA-ZC3H18.
CBCA and ZC3H18 IPs identify a CBC-NEXT subcomplex
Having revealed substantial and similar levels of CBCA components and ZC3H18 in NEXT purifications, we next analyzed the ACMS data from the CBP80-3× Flag, CBP20-3× Flag and LAP-ARS2 IPs. The CBP80-3× Flag purifications revealed the CBCA complex and further identified similar levels of ZC3H18 and NEXT-complex components ( Fig. 2a,b) . We also identified components of the human exosome, Table 4 ).
Although the IP was less efficient, the CBP20-3× Flag purifications largely confirmed such a CBC interaction network (Fig. 2c,d and Supplementary Table 5 ). Importantly, these experiments again demonstrated similar amounts of co-precipitating ZC3H18 and NEXT-complex components as well as a robust association with ARS2 ( Fig. 2d) . Thus we suggest, on the basis of results presented so far, the existence of a NEXT-containing CBC subcomplex (CBCN) composed of CBP20, CBP80, ARS2, ZC3H18 and the NEXT complex. LAP-ARS2 ACMS experiments confirmed CBCN integrity ( Fig. 2e and Supplementary Table 6 ); i.e., protein abundance analysis suggested the purification of a near-stoichiometric CBCN complex ( Fig. 2f) . Among other proteins identified in this IP were RNPtransport factors, pre-mRNA-splicing factors and RBPs or helicases. We note that PHAX was identified as a specific interaction partner in IPs of all CBCA components, thus suggesting a strong interaction between CBCA and PHAX. We were not able to identify other proteins previously reported to interact with ARS2, such as DROSHA 15 or FLASH 30 . Finally, we analyzed ACMS data from ZC3H18-3× Flag purifications. The ACMS profile ( Fig. 3a and Supplementary Table 7 ) was very similar to that obtained for the RBM7-LAP construct ( Fig. 1c and Supplementary Table 3 ), suggesting that a notable portion of cellular ZC3H18 is engaged in the CBCN complex. This was substantiated by protein abundance analysis placing CBC and NEXT components at similar levels ( Fig. 3b) . Consistently with this, indirect immunofluorescence microscopy of ZC3H18-3× Flag revealed the protein within the nucleoplasm, outside nucleoli ( Fig. 3c) . A similar cellular distribution was previously observed for RBM7 and ZCCHC8 (ref. 6 ). Thus, both ZC3H18 ACMS and immunofluorescence data confirm the existence of CBCN.
CBCN components contact PROMPTs and 3′-extended transcripts
What, then, are the functional implications of the physical linkage between the RNA exosome and the CBC, established through CBCN?
To investigate this question, we first performed RNA-IP (RIP) analysis, using cell lines expressing tagged CBCN components, CBP20, ARS2 and RBM7 as baits, to uncover RNAs associated with this complex. We identified bait-captured RNAs by use of tiling microarrays covering human chromosomes 1 and 6. Consistently with earlier observations that PROMPTs are NEXT-exosome substrates 6,10 , all three RIP experiments captured RNA derived from promoter-upstream regions of a large number of the 3,131 interrogated genes; i.e., substrates captured commonly by any two of the investigated CBCN components demonstrated a highly significant overlap (P < 10 −36 by Fisher's exact test) ( Fig. 4a ). In addition, focused analyses of the 430 genes yielding a significant promoter-upstream ARS2 RIP signal revealed a considerable positional overlap of RNA from this region in all three RIP experiments ( Fig. 4b-d ). CBP20 and RBM7, more so than ARS2, purified transcripts originating downstream of the transcription start sites (TSSs) of these genes. The majority of the downstream transcripts are likely to be pre-mRNA or mRNA, and the lowered ARS2 RIP signal downstream of TSSs may therefore reflect predominant ARS2 binding to antisense RNA at these loci (Discussion).
As additional common substrate classes for all three CBCN components, the tiling-array data revealed 3′-end-extended products of two groups of short genes, namely those encoding replication-dependent histones (RDH) ( Fig. 4e ) and U1 snRNA ( Fig. 4f-h) , both of which depend on a polyadenylation (pA) site-independent mechanism for their 3′-end processing. A control sample of mRNA genes did not display factor binding in their 3′-end-extended regions (Fig. 4e , dotted lines). For RDH RNAs, the region downstream of the mature 3′ end was bound by all tested CBCN components, whereas only CBP20 and ARS2 RIPs gave appreciable signal over the RDH RNA body (Fig. 4e) . This suggests early recruitment of CBCA followed by subsequent assembly of CBCN. Although the presence of several U1 snRNA-encoding genes (and pseudogenes) on chromosomes 1 and 6 caused the filtering away of the mature U1 snRNA sequence from the microarrays used, both regions up-and downstream were present and showed evidence of CBCN binding ( Fig. 4f-h) . We surmise that the signal upstream of TSSs of U1-encoding genes is reminiscent of that of the previously recognized U6 PROMPTs 31 Intensity/MW (normalized to bait) 10 Figure 1a . The full data set of specific co-precipitated proteins is given in Supplementary Table 7 . npg a r t i c l e s U1-encoding gene roughly equals the region predicted to elicit RNAPII termination (described below).
Functional implications of the exosome-CBCN connection
Having established transcript classes bound by the CBCN complex, we next studied the functional relevance of the CBCN-exosome connection by assaying the effects of depletion of factors on the steady-state levels of selected PROMPTs. To this end, we treated cells with short interfering RNAs (siRNAs) targeting (i) the core exosome (hRRP40 (official symbol EXOSC3)), (ii) NEXT (ZCCHC8), (iii) CBCA (CBP80 or ARS2 (official symbols NCBP1 and SRRT, respectively)) and (iv) ZC3H18 either alone, or in combination with siRNAs against hRRP40 or ZCCHC8. We verified knockdown efficiencies by western blotting analyses ( Fig. 5a ). As previously reported 6 , quantitative PCR with reverse transcription (RT-qPCR) analyses revealed that levels of PROMPTs originating upstream of the EXT1, IFNAR1, MGST3 and POGZ genes all increased upon depletion of hRRP40 or ZCCHC8 (Fig. 5b) . We note that the randomhexamer priming of cDNA synthesis used in this study results in somewhat lower PROMPT levels as compared to those with the dT priming previously used 6 . Depletion of CBP80 and ARS2 yielded slightly smaller effects, whereas ZC3H18 depletion had no effect and was comparable to the eGFP-siRNA control. Interestingly, however, co-depletion of hRRP40 and ZCCHC8 caused a synergistic accumulation of PROMPTs to two-to six-fold the levels of the hRRP40 single knockdown. We also observed such hyperaccumulation when co-depleting hRRP40 or ZCCHC8 with CBP80 or ARS2, whereas we detected no effect in the hRRP40 + ZC3H18 and ZCCHC8 + ZC3H18 co-depletions ( Fig. 5b) . To assay an additional CBCN-bound substrate class, we used U snRNAs. Owing to the heterogeneity of human U1-encoding genes, we chose to assay U2 snRNA (RNU2-2) transcript accumulation. Indeed, using a northern probe designed to target U2 3′-extended RNA, we observed a pattern of hyperaccumulation in co-depletions, reminiscent of that of PROMPTs (Fig. 5c) . We note that co-depletion of ZC3H18 with hRRP40 resulted in a more prominent RNA accumulation than detected for PROMPTs and speculate that efficient recruitment of the RNA exosome through the CBCN may be more of a bottleneck for highly transcribed loci such as U2.
In any case, the data collectively suggest that CBP80, ARS2 and ZCCHC8 are unlikely to merely serve to target PROMPTs and 3′extended snRNAs in a sequential fashion for exosomal degradation, because such a scenario would not be expected to yield additional target RNA in combinatorial depletion with hRRP40 as compared to single hRRP40 depletion. Instead, hyperaccumulation of the investigated substrates in the co-depletions suggests that CBP80, ARS2 and ZCCHC8 are involved in RNA metabolism through a different mechanism(s), the delineation of which might help uncover the functional implication of the CBCN-exosome connection (discussed below).
CBP80 and ARS2 mediate transcription-termination activity
We first considered the possibility that CBCN components mediate a 5′-3′ degradation pathway of PROMPTs, perhaps functioning in the absence of, or in parallel to, exosomal decay. If this is the case, depletion of both major 5′-3′ exonucleases, hXRN1 and XRN2, should yield an expected PROMPT hyperaccumulation when combined with hRRP40 depletion. This, however, was not the case; hXRN1 + XRN2 depletions alone, or in combination with hRRP40 ( Supplementary Fig. 2a) , had no effect on the investigated PROMPTs (Supplementary Fig. 2b) .
In an alternative scenario, components of CBCN could be involved in the early termination of PROMPT transcription. Depletion of the responsible activity would then cause an increased production of 'read-through PROMPTs' long enough for detection by the RT-qPCR amplicons used. Because 3′-extended PROMPTs are predicted to be exosome substrates, their accumulation upon exosome depletion would explain the observed hyperaccumulation upon codepletion of factors (Fig. 5b) . To test this idea, we first analyzed RNA Taking advantage of our mapping of PROMPT transcription initiation sites 32 , we designed RT-qPCR amplicons to selectively measure RNA levels from the proRBM39 downstream region and their levels compared to those derived from a region closer to the proRBM39 TSS. Serving as an indirect measure of transcriptional read-through effects, these analyses showed pronounced increases of RNA from the proRBM39 3′ region upon depletion of both CBP80 and ARS2 relative to levels in the other knockdowns ( Fig. 5d) . We observed similar trends when analyzing an artificial PROMPT locus constructed by insertion of an ~700-bp region downstream of the proPOGZ PROMPT TSS in between a CMV promoter and a BGH polyadenylation signal (ref. 32 and Fig. 5e ). Moreover, the stabilization of U2 read-through RNA (Fig. 5c) is consistent with the idea that CBCN depletion causes appearance of exosome-targeted 3′-extended species.
To directly analyze whether transcription termination is affected by CBCN components, we turned to chromatin IP (ChIP) assays. The high transcription activity of the U2 locus readily allowed for the analysis of its RNAPII occupancy upon depletion of various CBCN components (Fig. 6a) . To gain a measure of read-through transcription, we compared the RNAPII ChIP signal in the U2-locus read-through region ~1 kb downstream of the U2 RNA 3′-end processing site (Fig. 6b , amplicon U2 +957) to that of the beginning of the U2-encoding gene body (Fig. 6b, amplicon U2 −44) . Depletion of both ARS2 and CBP80 elicited a robust read-through-transcription phenotype, whereas hRRP40, ZCCHC8 and ZC3H18 depletions yielded more modest effects (Fig. 6b) . Because neither ARS2 nor CBP80 depletion changed levels of candidate U2 transcription-termination factors XRN2, NELF-E, CPSF73 or CPSF73L (Fig. 6a) , the measured effects are likely to be direct. This finding therefore explains the observed hyperaccumulation of 3′-extended U2 RNA upon co-depletion of hRRP40 + CBP80 and hRRP40 + ARS2, because inactivation of CBP80 and ARS2 leads to the increased synthesis of read-through transcripts, which further accumulate in the absence of exosome activity (Fig. 5c) .
To substantiate these data, we also analyzed transcription over a U1 snRNA (RNU1-1) locus in similar conditions and found significant transcription readthrough upon depletion of both ARS2 and CBP80 (Supplementary Fig. 3a) . In addition, and consistently with a transcription-termination phenotype, RNAPII ChIP levels showed increases in the proRBM39-downstream region upon depletion of ARS2 relative to the eGFP-siRNA control (Fig. 6c) . Likewise, the assay revealed a dependency on CBP80 and ARS2 for normal
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Anti-ZC3H18 a r t i c l e s transcription termination within the proPOGZ PROMPT region (Fig. 6d) . In contrast, northern blotting analysis of the U8 snoRNA (SNORD118) locus did not show hyperaccumulation of 3′-extended U8 snoRNAs upon co-depletion of hRRP40 + CBP80, hRRP40 + ARS2, ZCCHC8 + CBP80 and ZCCHC8 + ARS2 ( Supplementary  Fig. 3b) . Consistently with this, no transcription-termination phenotypes of the U8 locus upon either CBP80 or ARS2 depletion were detectable (Supplementary Fig. 3c) . Thus, CBP80 and ARS2 (i.e., CBCA) specifically partake in the transcription termination of genes encoding U1 and U2. Finally, the hyperaccumulation of 3′extended U2 transcripts upon co-depletion of ZCCHC8 and hRRP40 probably arises from a different mechanism, because ZCCHC8 depletion has only a marginal effect on transcription termination of U2 ( Fig. 6b) and because 3′-extended U8 RNAs are dramatically elevated upon depletion of hRRP40 + ZCCHC8 ( Supplementary  Fig. 3b ) in the absence of any discernible transcription defect (Supplementary Fig. 3c ).
CBCA globally affects PROMPT transcription termination
To assess the generality of the functions of CBCA and CBCN described above, we performed RNA sequencing (RNA-seq) of samples derived from cells depleted of CBCN and exosome components both alone and in combination. We analyzed PROMPT accumulation profiles for an unbiased and broad selection of 1,733 TSSs from active genes with no confounding upstream annotations and plotted the global effects of single depletions on PROMPTs as the mean log 2 (ratio) between factor-and control (eGFP-siRNA)-depleted samples over a 10-kb window around the selected TSSs. A moderate general accumulation of PROMPTs was present upon single CBCN component depletions, consistently with our RT-qPCR data, whereas a more prominent stabilization occurred upon hRRP40 depletion (Fig. 7a) . Interestingly, whereas most of the single depletions resulted in PROMPT peak accumulations of around −500 bp relative to the TSS, depletion of ARS2 and CBP80 led to somewhat more elongated stabilization profiles with peaks at −645 and −1052 bp, respectively. This is consistent with global functions of CBCA in PROMPT transcription termination. Analysis of PROMPT stabilization profiles from the combinatorial depletions of hRRP40 and CBCN components confirmed the hyperaccumulation patterns previously observed by single-loci RT-qPCR analyses (comparison of Supplementary Fig. 4a and Fig. 5b ) and again indicated that co-depletions of CBP80 and ARS2 with hRRP40 led to the appearance of 3′-extended PROMPTs. This phenotype was even more striking upon plotting of results from co-depleted samples relative to the hRRP40 single depletion. Here, marked differences in the PROMPT position profiles were obvious between the different CBCN components (Fig. 7b) . Specifically, whereas co-depletion of hRRP40 with ZC3H18 or the two NEXT components, ZCCHC8 and RBM7, resulted in higher PROMPT coverage around the same position than did depletion of the RNA-exosome component hRRP40, depletion of CBP80, and ARS2 of the CBCA complex led to additional coverage further upstream of the TSS, with peaks at −1362 and −1381 bp, respectively. Plots of sequencing data from the combinatorial depletions of ZCCHC8 with CBP80 or ARS2 suggested similar conclusions (Supplementary Fig. 4b,c) . These results therefore support a global function of the CBCA complex in promoting transcription termination of PROMPTs. Around the annotated 3′ ends of mature RDH RNAs, we observed a strong accumulation of 3′-extended species, dependent on CBP80 depletion and ARS2 depletion. This we found when plotting the coverage of sequence tags derived from both single (Supplementary Fig. 5a,b) and combinatorial depletions relative to control siRNA (Supplementary Fig. 5c ) or to the hRRP40 single depletion (Supplementary Fig. 5d ). In addition, the mature forms of these RNAs were upregulated upon hRRP40 depletion, whereas depletion of ZCCHC8, RBM7 and in particular CBP80 diminished their levels (Supplementary Fig. 5a,b) . We found products from the pA-site-dependent and relatively longer replication-independent histone-encoding genes not to be appreciably affected by the tested depletions (Supplementary Fig. 5) . Together, the data provide additional evidence that CBCA, also at replication-dependent histone loci, exerts a general function in promoting transcription termination and furthermore suggest that CBCN and the RNA exosome control replication-dependent histone expression at multiple levels. npg a r t i c l e s
DISCUSSION
Although the RNA 5′ cap is well established as a hub for mediating key metabolic events in the life of RNAPII transcripts, the biochemical consequences of only a few of its physical interactions have been characterized. Here, we describe CBCN as a new link from the cap to the major human nuclear ribonucleolytic machinery, the RNA exosome. Furthermore, part of the CBCN complex, CBCA, is shown to be involved in the biogenesis of these RNAs by helping to facilitate their transcription termination. This positions CBCA at the interface between transcription and RNA metabolism. Our ACMS approach also identified many additional interaction partners of the CBC, which take part in other biologically important interactions in RNA metabolism. Central among these are RNA-transport factors, including NPC components, the entire hTREX complex and PHAX, all previously shown to associate with the CBC 22, 23 . Indeed, Hallais et al. 33 report the identification of a complex consisting of CBC, ARS2 and PHAX (termed CBCAP). We consistently find PHAX in all our ACMS experiments of CBCA components ( Supplementary Table 1 ). We note that although many of the identified proteins are RNA binding, the described interactions are probably RNA independent, because all samples were RNAse treated. Collectively, the data suggest that separate CBC subcomplexes exist that target substrates toward a degradation and/or processing route (through CBCN) or toward productive NPC translocation (through CBC-associated RNA-transport factors).
The CBCN complex provides a platform for exosome targeting
Although both Saccharomyces cerevisiae TRAMP and human NEXT cofactor complexes have been shown to be important for exosome function through their 'built-in' polyadenylation and/or helicase activities [6] [7] [8] [9] , it has been unclear how they directly link to their substrates. We demonstrate here that NEXT connects the human nuclear exosome to RNAPII-derived RNA through its direct coupling to the 5′-cap-bound CBC of these RNPs (Fig. 7c) . Such CBC connection may contribute to the conserved association of the RNA exosome with active transcription [34] [35] [36] . Interestingly, functional interactions between the S. cerevisiae CBC and the RNA exosome have previously been suggested 37, 38 , and the Nrd1p factor of the NNS complex was found to co-purify with both the CBC and components of the nuclear exosome 13 . Moreover, the NNS complex links transcription termination of cryptic unstable transcripts and sn(o)RNAs to exosome recruitment 11, 12 . It therefore appears that S. cerevisiae CBC-NNS-exosome and human CBCN-exosome connections display biochemical and functional similarities. This is noteworthy because no sequence homologs of the Nrd1p and Nab3p components of the NNS complex have been identified in human cells.
CBCA-complex activity in transcription termination
The transcription-termination phenotypes at both PROMPT and U snRNA loci upon CBP80 and ARS2 depletion suggest that CBCA acts co-transcriptionally ( Fig. 7c, step 1) . Consistently with this idea, the CBC contacts the cap shortly after transcription initiation [39] [40] [41] , and ARS2 associates with chromatin of the SOX2 gene in an RNA-dependent fashion 42 . Although we cannot tell whether the entire CBCN complex assembles on capped nascent RNA, data suggesting that the exosome can be recruited co-transcriptionally 34, 36 imply that, at least in some cases, the CBCN-mediated cap connection may be established early during transcription (Fig. 7c, step 1) . Alternatively, NEXT could be recruited through the RNA 3′-end-processing apparatus and then link to cap-bound CBCA (Fig. 7c, step 2) . The latter idea receives some support from a previous characterization of accessory proteins associated with core mRNA 3′-end-processing factors, which included considerable amounts of the entire NEXT complex 43 .
CBCA transcription-termination activity measured in the present work is likely to be mediated through ARS2. First, ARS2 depletion resulted in the strongest and most consistent read-through phenotype at the investigated loci. Second, ARS2 RNA binding is enriched in PROMPT and terminator regions of snRNA-and RDH-encoding genes. Nrd1p and Nab3p are proposed to elicit transcription termination through their binding to consensus sites within target RNAs 11, 12 . Whether this similarity extends to ARS2 remains to be investigated. Previous data have linked the CBC and ARS2 to RNA 3′-end formation. The CBC in cooperation with NELF was suggested to aid the 3′-end formation of human replication-dependent histone RNA 44 Figure 7 CBCA depletion displays a genome-wide termination defect of PROMPT transcription. (a) Coverage profiles of mean log 2 (ratio) between indicated factor depletion (color coded) and control (eGFP-siRNA) sample plotted on the antisense strand ± 5 kb relative to the annotated gene TSSs. Peak positions of each curve smoothed over 501-bp sliding windows are noted in the left side of the diagram. The direction of PROMPT transcription is indicated by the pointed gray box at top. Faded areas represent 95% confidence intervals for each curve (bootstrap analysis with 1,000 resampling replicates). (b) Coverage profiles plotted and presented as in a, but with indicated co-depletions relative to the hRRP40-depleted sample. (c) Model for assembly and utility of CBCN in human nuclear RNA metabolism.
(1) The CBCA complex associates with the nascent RNA cap and affects TSS-proximal transcript termination. CBCN assembles on the RNA-CBC platform of these transcripts either at the nascent RNA stage (1) or after transcription termination (2) and recruits the RNA exosome. Details in main text. npg a r t i c l e s process later shown also to involve ARS2 (ref. 45) . A reported RNAindependent interaction between the CBC and the histone 3′-end stem-loop-binding protein 44 indicates that direct protein interactions may functionally connect CBC to the histone 3′-end-processing machinery. Consistently with this, ARS2 was found to interact with FLASH 30 , an essential histone-RNA 3′-end-processing factor 46 . Despite these connections, a coupling between cap-bound proteins and transcription termination has not previously been shown.
The exact mechanism underlying CBCA-mediated transcription termination still needs investigation and may include possible influences on transcription-elongation processes as well as effects on RNA 3′-end cleavage 42, 45, 47 . We see at least two plausible scenarios: (i) direct interaction between CBCA and factors involved in transcription termination (for example, 3′-end-processing factors), facilitating factor recruitment or (ii) competitive binding to the CBC of ARS2 versus transcription-elongation factors. The first possibility is supported by experimental evidence (Hallais et al. 33 ) as well as by previously published interactions between the CBC and 3′-end-processing factors 19 . Though our CBCA purifications do not contain RNAPII subunits, we note that several proteins involved in transcriptional regulation do not exhibit strong enough, or direct enough, interactions with RNAPII to be captured by ACMS 48 . This can be because of either short-lived interactions, involving only a minor pool of the relevant factor(s), or because of indirect regulation through another activity.
Also remaining to be explored are the types of transcriptional terminators that respond to CBCA, which may have more widespread activities, including the possible exertion of fail-safe termination of read-through transcripts, as also suggested for the S. cerevisiae NNS complex 11, 12, 49, 50 . Interestingly, PROMPT regions and sequences downstream of snRNA-and RDH-encoding genes most often contain mRNA-like pA sites 32, 51 , thus providing a possible node through which CBCA could exert its effect. Notably, promoter-proximal pA sites efficiently couple to decay by the RNA exosome, whereas RNAs expressed from longer transcription units appear to be less affected 32 . The loci found here to depend on CBCA for their 3′-end formation (PROMPTs, read-through snRNAs and read-through RDH RNAs) are all relatively short (<1 kb). Consistently with this, an artificial extension of the distance between a TSS and a pA signal makes transcription termination less dependent on CBCA (Hallais et al. 33 ). How promoter-distal and promoter-proximal pA sites are distinguished at the molecular level has yet to be resolved. The NNS complex functions through promoter-proximal binding sites in the nascent RNA, and such distance dependence is linked to the phosphorylation state of the RNAPII C-terminal domain 52, 53 , which may also be relevant for CBCA function. Alternatively, CBCA activity could diminish with the growing distance between the 5′ cap and the traveling RNAPII or with an increased maturation state of the transcription-elongation complex. Setting these issues aside, we conclude that of the various subcomplexes based on the same CBC platform and exercising specific functions in nuclear RNA metabolism, the CBCN complex has a key role in suppressing noncoding-RNA expression in human cells.
METHODS
Methods and any associated references are available in the online version of the paper.
